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yFOREWORD
ti
This study was performed by Beech Aircraft Corporation, Boulder Division, under NASA
Contract NAS 2-10229. The funding of this contract was provided by NASA's Office of
Aeronautics and Space Technology (OAST) through Ames Research Center (ARC).
	 Mr.
John Vorreiter was the ARC Technical Monitor,(
Principal Investigator for this study was IZ'.. H. Riemer.	 W. L. Chronic assembled the test
data on the Space Shuttle Power React ,!nt -Aora6 p Assembly Hydrogen Tank. G. L. Mills 1'
+ assisted in the reduction of the test data for use in the analytic model correlations. r^
All data are presented in the International System of Units as the primary system and
English units as the secondary system.
	
All calculations were done in English units and$	 Y Y	 g
converted.
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	 SUMMARY
The PRSA Thermal Acoustic Oscillation Study resulted in a review of existing test
records, reduction of test data for use in the correlation of this data with the analytical
predictions by Rott and Liburdy. The study presents 219 data points which are reduced to
tabular form. Selected data points are compared to the prediction of the stability limit
based on Rott's work.
The agreement between the analytical model and the test data was moderate for the
supply line and poor for the fill and vent lines. The study points out some difficulties with
attempting to utilize the idealized analytical model for a production supercritical
hydrogen tank. The properties of supercritical hydrogen present problems in determining
the appropriate values for the Prandtl number, the ratio of specific; heats and the
exponent for the power law viscosity curve used in the analytical-model. Determining hot
and cold fluid lane lengths required for comparison with existing analytical models is a
difficult task, for a production cryogenic tank due to insufficient data on the line's
t_	 temperature profile. The analytical models idealize the temperature, prnfile_as I t
• constant temperature sections joined by a temperature jump where dT/dx is infinite.
However, the relatively low steepness of the temperature jump existing in the PRSA fluid
lines increases the uncertainty in predicting the stability limit. 	 All of the above sources
of difficulties contributed to the scatter in the data correlation.
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rNOMENCLATURE
a Acoustic velocity
i c Kirchoff Is constant
°a
^ d Kramer's constant
d* Stability constant
y; lc Tube length, cold end
L Total tube length
o P Pressure
t	 ^ P Prandtl number <
r
r Radial coordinate
ro Tube radius
S Temperature profile steepness
t Time
T Temperature
i.
U Axial velocity component
?	 , v Radial velocity component
X Axial coordinate
a
Y Magnitude of the ratio of tube radius to Stokes' boundary layer thickness
Greek Letters
i,
t a Temperature ratio
S Exponent in viscosity-temperature relatioi,ship
Y Ratio of specific heats (Cp/Cv)
r Mach number
P Density
- a Nondimensional frequency (al) +'
u Dynamic viscosity
i	 r V Kinematic viscosity
w Frequency
'- Subscripts
c Cold end value
h Hot end value
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Thermally driven acoustic oscillations of the Space Shuttle Orbiter Power Reactant
Storage Assembly (PRSA) Hydrogen Tank were first observed on September 27, 1977
during the first End -Item Acceptance Test (FIAT). The Beech Test Stop Notice (TSN)
A02189 was written to document an out -of-tolerance condition involving a tank vent loss
t	 of 4.08 kg (8.99 lbs) for a 24-hour hold time. This loss was a factor of 10 greater than the
allowable maximum of .36 kg (.81 lbs) for the 24-hour hold. The supply line oscillated at a
F'	 frequency of 4.2 Hz with a pressure oscillation of 365 KPa (53 psia). The fill line was
observed to oscillate predominately at 22 Hz at a pressure amplitude of 104 KPa (15
'$	 psia). The increased weight loss corresponds to an increased heat leak to the hydrogen
tank of approximately 10 times the acceptable value.
v^
zt	 This study was undertaken to review and assemble the test data that resulted from the
three-month experimental investigation of the heat leak problem. The data presented in
l
this study covers a period of time beginning September 29, 1977, when the pressure time
histories were first recorded, through December 12, 1977 = The final phase of the study
ai	 was to correlate the reduced test data with current analytical models.
if
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The PRSA Hydrogen Tank is a .32 m 3 (21.4 ft 3) spherical tank with one vapor-cooled
}	 shield (VCS) insulated from the outer shell and pressure vessel by multilayer insulation
F'	 (MLI). Figure 1-1 contains a schematic of the PRSA Hydrogen Tank. A brief description
of the flow paths for the fill, vent and supply lines is necessary for full appreciation of the
f	 thermal oscillation problem.
L
The supply line begins at the center of the pressure vessel and, upon exiting the pressure
f' vessel, the supply line enters the line which makes up the VCS. The supply line passes
through the VCS and exits the outer shell at the girth ring. The fill and vent lines are
similar in flow path in that they both exit the top of the pressure vessel and exit the outer
shell at the girth ring. The fill line extends from the top of the pressure vessel to the
bottom while the vent line contains no significant line length internal to the pressure
1	 vessel. The external line configurations were varied throughout the testing and are
discussed in Section 2.0.
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2.0
	 TEST DATA REVIEW
In the course of determining a solution to the PRSA H 2 thermal acoustic oscillation
problem, 17 hardware co;- ";figurations have been identified. The configurations were
examined under various operating conditions and tank orientations. All test data
presented in Section 3.0 is related to these 17 configurations. Figures 2-1 through 2-17
contain the external flow diagrams for the 17 different configurations.
The test program covered approximately three months, begh-oiling on September 28, 1977
and ending December 10, 1977. The objective of the test program was to determine a
hardware fix to the thermal acoustic oscillation problem. This approach, which was
proper at the time, creates several data gaps which represent significant problems in
correlating this data. The data contains no information as to the temperature profile, a
function of distance from the pressure vessel to the outer vacuum shell. In addition, the
operating conditions do not vary sufficiently to allow for the determination of the effect
of varying temperature ratios on the stability limit.
Beech and Rockwell technical advisors were monitoring the test efforts and directing flow
network modifications. During the investigation, Rockwell personnel felt that a signi-
ficant contribution to controlling the pressure oscillations could be made by insulating the
flow lines and tank surfaces. Various insulation systems were tried but no significant,
positive results could be observed. Calculations, at the time, indicated that a significant
improvement in the oscillation problem could be'realized by insulating the girth ring flow
line interface. This interface was insulated during December 1977 and the current tank
configuration still includes this insulation, while the fill line was always insulated to allow
for tank loading. The vent and supply lines were not always insulated.
A positive control observation was made in the positioning of the fill, vent and supply
valves. The valves can be adjusted either closed or open to effect a change in oscillation.
By successive steps of experimental control, a determination was made that some
restriction in the fill or supply line external to the tank would probably reduce the ill
effects of thermal acoustic oscillation. Restrictions in the lines, in the form of washer-
type orifices, were installed in various locations in the system. Some of the orifice;;
caused such restriction that filling the tank could not be accomplished through the
simulated Rockwell-insulated lines. A certain amount of control was apparent when
alternate sized restrictions were installed in any one; configuration and operating
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Figure 2-6 PR5A TANK CONFIGURATION FOR OCTOBER 18, 1977 AT
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Dec. 7 3mm dia replaced with 3.6mm 33mm, which inc.:°eased the oscillating- pressure.
Installed 2mm dia (1251 -1615 hours).
	 ?
i	 Dec. 9 (0345 hours) Installed 5mm dia in fill line. 	 t
Dec. 13 Fill line orifice chanced to 4.4mm dia + 3.8.mm dia.
i
Figure 2-17 PRSA TANK CONFIGURATION FOR
DECEMBER 6 TO DECEMBER 13, 1977
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;f condition. The most successful restriction appeared to be a 4.39 tam (0.173 in.) diameter
orifice in the fill line close to the tank interface.
	 However, this has not proved to be a
definite solution.
	 It should be noted that the line with the greatest tendency toward
oscillation was the fill line, even though at times it could be stopped completely.
	 The fill
line oscillated predominately in the range of frequencies from 20 Hz to 30 Hz at a
pressure amplitude of 20 KPa (3 psia) to 50 KPa (7 psia).
	 The supply line displayed a
tdifferent frequency of between 1.6 Hz and 4.6 Hz and amplitude.
	 The vent line rarelyf,
displayed any oscillation.
The test data review	 consisted of collecting pressure trace data records and the
corresponding test data log entries. The data for this study was selected in an attempt to
collect a number of various tank operating conditions.
	 It must be realized th;"rt the tests
were conducted to find a solution to the thermal oscillationroblem. 	 This results in ver yY
limited tank operating conditions.
	 The ratio of hot to cold temperatures, only vary from
7.0 to 12.2, while flow rates varied in general from 0. kg/sec to 1.7 kg/sec. 	 This limited
variance on the critical thermal acoustic oscillation parameters is unfortunate.	 The test
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of a valve generates a change in the fluid velocity from the steady state condition. This
velocity change is accompanied by pressure change proportional to the velocity change.
This effect is known as "waterhammer:'
	 This pressure transient which travels at the
acoustic velocity of
	
the	 fluid	 is	 damped	 by	 fluid	 viscous	 forces.	 This	 pressure
^ perturbation was, in most cases, followed by the steady pressure oscillations attributed to 3
" thermal acoustic effects. {
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As discussed in Section 2.Oy 17 ckffe,,ent hardware configurations were identified. The
	 j
data collected for these configurations resulted in 219 data points. These data points
represent different flq,w rates, internal or external temperatures, valve positions and
	
h
orifice location and size. The data w;ts collected from the pressure traces and Beech
	
i
Engineering Test Log data contained in Beech Memorandum Report 14895. The pressure
traces supplied the oscillation frequency and amplitude. In addition, tank temperature,
environmental temperature, mass flow rate, ^Mpnfiguration and valve positions were also
determined from test logs. The reduced data is presented in Table 3-1 for all 219 data
points. Table 3-I contains the test purpose, configuration correlated to Figures 2-1
	
,t
through 2-17, line (supply, fill or vent), environmental temperature, internal tank
temperabire, and oscillation frequency and amplitude. In addition, the acoustic velocity 	 .
(ac) and kinematic viscosity (vc) for the internal tank temperature are given. The
thermal acoustic oscillation parameter Y c, which is defined as ro ON ) 11 2 has been
calculated for all data points. The meaning of Y c with regard to predicting thermal
acoustic oscillations is saved for Section 4.2. Table 3-I also contains notes indicating
valve positions. In general, the valve is closed unless- otherwise indicated. The last
column of Table 3-1 was used to indicate secondary modes of oscillation by including the
secondary frequency and amplitude. This table contains the data necessary to correlate
the PRSA Hydrogen Tank data with existing analytical models.
The effect on several critical parameters of thert.-nal acoustic oscillations may be seen
from Table 3-I. The first set of points of interest are points 7 and 8 of Table 3-I. Data
point 7 indicates that the supply line oscillates at a frequency of 24 Hz for a temperature
ratio of 9.6. This oscillation occurs with valve MV-525 (see Figure 2-2) closed while data
point 8 indicates no oscillations for similar operating conditions, with the 'exception of
valve MV-525 in the open position. While the oscillation is occurring in the fill line, MV
525 is located in the vent line.
A similar effect is illustrated by data points 11 and 12. In this case, the fill line is stable
when oscillations occur. For thermal acoustic oscillation to begin, some small perturba-
tion is required. In the first example, it is thought that the opening of MV-525 provided
the required perturbation. In the second example, some small change in tank operating
i
y
a
t{
N0^ Gro.
o
Z	 °• oNo
^ N
Y yi
^' U G L ^D ^D O O O D r+ O^ n N ^0 wy G Q.>r++. Nw fh fh w- w 1 N ..^ 1 I 1 1 w I 01.Y •-^ I	 ►^. .r ..	 1 1 a r 1
,Qi 	 ^ 1 •
T
,y	
v ^. N O w ^. O
'ON,
O O O O N O O ^ O	 fJ0 N O ® fr1 N O
,
^^ L' 7 J a f^ N O N O Q O O fn M ON O
U O O O L?
•^.^ 1: h n ^.Ew ^" 00 cm 00 N r h tT O o0 O\ n ^' •^ r
r a t+1 N 1 ^' N 1 1 1 1 N i r r ^1 .th N I ( .7 + I 1
►^^rr
U
v
hu \
a N ^0 ^D ^D fM\ f'^ t'I '1 in \O %D ^D a 3 S	 f►1 f'1 Al f^ 1tfr O
h
Orr NON Nm NIT tq^D 00w 00%D 00 h h h 'h O O O O	 n0W 00W 00%0 00%D r r{ O E r .
U H p
`
O n, ^Dt^
^D ^D ^0 \D
w
W ^D N -.NN-I N
In W h
h ^ ^ .` D. ^ n fN N
^^
T ^ 7 t n h fn ^ i
If; h h
E X. - w - w w — w. — — — —
— — w —
^ d ^O 00
O O 6
tD W. ^D ^0 W ^D ^ ^D NN— N N N v1
h If '1 h O O iD a$^ Q ^ h w •'^ O^ 04 C^ O\ 00 00 Op 00 w w C4 tT O; D. ON 0% 'D\
fP ~E"' 9 .-^.O Y \D 00 O\00 fTDO O^O0 NN WN NN MN. v1O^ v1O^ V14: v1.0^ t^^D 1^^D h^0 I^	 N^0 N NN NN NN, P'1.T 1^'1 Ala 9h tJ0 w p 00 00 60 fn m m m 1.0 %.D b ^D Y1 h h ^1	 P^ P^1 P1 f+1 M1 h h
` -S.T N N N m m f^. t'n Pn R1 f'1 t!'1 N N 'N N fh m f`l fh. l'1 1+1 P'1
O e
;. (^ C .. N. a N N N. h h h h %0 %D w w m m m M n! n a .7
^:_... -...	 v -f!1 H1 . -.tvt !''1 l+1 f'5: ..	 ;•1 :"r	 -..:.- ^`'1. _^ fn -..R1 fM1 1'r) R1 f+1 f'^1	 t+1 fh to f+1 R1 M fv1
y 3 .LC M ONO 00 NLrr te9 ^+ [sp
^ ^`
O O O O O^ O O O C O O O O O O O ^ O O O N O O ^" tqr ^^. O O O O O -+ O O O O O O O O O ^:f.7 O O O O Q^
J
F
r
aC aa. a s C Q yC G a+C. pa,. G C yC a yC
roUa
LO V) v1 L > N LL !L > h lL Lr > h LL L > to L, I > L >
#
Y v U i9 n h ^" "" fn •• f`'1 N'1 f+^ M 00 00 00 00 -+ m -n n1 fn.
ro
^• '^..^y L p a
ON
M
ON ON
f+1
o^ D^ o^
M
O^ a. rn o^ O^ o^
r
-a
r
r
r
a
a m
a	 o^
m
o^ D^ rn o^ a^ m
u
a!- G w ti °; w w r w w w w w w w w w
O C C ''' C b ^' N '^ 1^'1	 CCl
- C
.!t h 01
N N N N N tV h O N N N N N m m m f"1	 fn f'1 f'1 h O m m f^CO V) 1`'l.
h
o E v u > >> > E E E E
tn
a^ ds ti 'O C/ U v •U ° ° w ^ 'p 'fl ^ to b ^ TJ L v U y
o = o "O" aai 7E. a aai '	 o 0 0 a -0 o o -o 0 6 6 ci c c Q^
^,
E7 O 7. 7 qL GV L... L
'^
L
,ro
L
'm
L
'm
-L 7 ^.7 p ^.	 L7	 7 Lp 7
o
L
a
L
o
Ln E p° o .0 d :' ^: ro m ro ro o 0 0 _ 0 0 0 U
i ^ a a(0 0. 1 N N N .-
- 
G G G G N N N N N N N N y ^. y
-,y
V
ro ,C G
-;• N M — N N N N. N O
x
y4 [L^
3-23
r
N a
o ^+
4 N
ott
N N ie9 ^
Z O 1h O R
t
.r O
v wro	 ^. O O M1 Ch C
t O w G b a '^ ^ s* , -, t .. -. , zr S , 111 ., , -• ^ , , S S f 1 1
p
11
.-. 1 ^..
^; b.
	
y . N d Cf t`V f: O P1 1'11 O S N O h N O O n O` O O}i =' o^ (7^► p O 1 11 Q N N O N 00 O f+1 N O tV N CO O X11 N O d
1 y C V ry O O 00 O O 00 Q
j` OU ?^ Inh 1 toN 1 .oh1 N ( aS m••+ , ^^ SN, ih inN. i 1• 111 NN t 1
u Hfl7 \
00
%0
00
1D.
e0
10 %D h N ' N 00 00
00
w
/q
00
E S ^" a". a O. 01 01 S S a S f\ n p w so oo t\ n
c
+
r^ i^L y
N` O
Ofh ppP'^ OIn CS1'+1 NS N N? ^
ri
^.
n
^
f i
.wN N
^.N 1D.N 10N ^DN, ^DN N ^DN
10N 10N
1 S	 ^`.Y< ' X r1 ter. — — — b — — -I r — —i
^^ a b 1+1 f/1 N1 fh r ^ _y f"^ 1^"1 :1h 00 00 00 b O O:. 6 Q O O O00 06 00 00 00 00 0\ 0\ O^ ^+ .r r .w .w ..r}4.
0-4
b •r ."^ N N N N N N P1 f'11 N1 O a C? O .7- :Y J S
S p UO q:
T; 01
r,:
0\ ^D 1D
f\
1C
n
^ In M
00
O
N
O
N
O
N
fh In t+1 th h 1f1 h 1n -
1 N
1'f1 nm 1'1 ^'1 N N N. 00n1 00f'1 M f^l ^1 f'/! f11 S'11 1't1. - f'11 1n A'1 : ..^f'11 t'r1
H ++ .. ^ n N n
In
N N
e4
N N
4D
N N — %_ •r 00 . 00 00
h
00 fh f+^
01
eh t11
IY'1
.1
^
rd
F oY"" V1
^M
h^
"1
0"1
y
R1 01 V ^D .... 111 01 --h V1 fm
_•
U'1
-1.
0'1
...
v1Zr
M. 1'1'1 fn P1 M 111 n1 to 11'1° T 1'1 rn _M MIN
....
Mf y	
.0 00 NOWN
ae0o O
b
uM1O O O 0 -+ O O O O O G7 4
CC^ .Y. O fa O O O t^ ^: d O !: D Q O. O O O ^ Q O O.
LUrIrT 1..1 ^ ^" ^'
u
QCJ ^
u
fL ^ °'
u
61
CL
= ^'
u
Ol
CL
^' ^ 6C7. ^ ^ v
u
v
E... In L > In tG > In i% > w ti > OIn ii is > w i' ii >
j^
" , Z Y.1b y ro ^ w 1^ ^D,.., 0 01+1 0 aN1 01'1 0m 0 1^m oN'1 o.1.1 o1"1 aM n o/'^ a1M1 . o111 om 61 L n1 m V% ON n1
r^,. f0	 fp	 fO Q V Ci N 
"
on N G xN.^ ^,v
V..
p . !'	 > U L
	
7 f'11 rn n1 1n U rn (n _ . 1+1 a a S' S <r .21 1n . 111 ^n 111. o 1r'1 1n In 1n o 3 . E Z 1n a
ry
Y
yy
^ C N
r
FL
ro ^b
1
1.1
- i5 d Q Q
Q
C,
Y^
^.
ro
O
ro
O
ro
O
b
O
ro
7
ro
O
b
O
b
O
b
O
ro
O
ro
O
v
0
ro
O
$
'9 b
7-c
7- L L
o^
L
7
L
7
4
7
L L
7
L
C
'L
0
L
7.
L L
0
L7... L> L'> L> L7 .:'
'u
t
E
.0
c
.0 .0 E1C W1 1
o
"4
I
..
O
.w.1
0
L
00
II
0
.T.1
.S
0^.
I
0
rT
.N
0
x
N 1S
Z "' Ti
o
1
0
N
0
W1
0
S'1
0
wTrI
0
1L SN .7N' NN NN N S.N N 5^N. N N N . SN N .7N S°N SN NN 
W C
C
EE
N N -. N N IlO "'..n1 N.rr1 M1"1 sf11. v1t'1 10 .P11 N:1"1 00R1 mf11 aa ^". N.. M^.. S:1• N wtr)
'.
}
^•;
-3^• 3
.'m., u-	 .	 , .0 ...	 Y	 .:<w. •:' .	 dY7: !>^ "y' -.a.,^"i tl J'tL^xtr. ""pia_•.,g}*3.y"nrivS:.M.rV1b^ltrseedtir' aes."tiver+..wr.e •„s-^ :.	 ... .x.
,:,:	 ....
0Z
^c I b	 .-. ^4
• V	 b	 d
^i O\ O v^ r 1,0 1 ,.; 00 00 N N h hO.'.^ cv o G`	Y r D^ , , a , , a 1 a a 1 K1 1,1 1 1+1
^,, ^ r ^ 1 ^.. O O,y
^,	 v ^ O O .7 O O ^D O O ^D p O a% O 00 ^+ O
o 	 Q'-. N N O 0 Ph N O O M , . 0 O 00 O ^+ O 00 0
..
sal
C
`.
C! 9
V a
h aN , ) Mr, hN i I hh 1 1 •.. N 1 ri,n1
a
..
^D
Iry
a
1
j
Ed" V w m en eo 00 00 -~+ :. 0 00 0- °o 00d ro 0o
-.D 0o 00 00W Chh 0,M'1 o`^'1 mv'1 o%i!' asi>` ON 0^+ 0^+ 0 000h coh. 0h 0oh 00h. 00h
f - Z u.	 hO w %0 %D ^'D a y a- a_ N N_ N a Do a N N N N N N }.
.r
' 1+^ d ^' ? a a N N N -!V 0^ 0+ a^
O
N
O
N
O O
O
O
O
O
O
O
O
O
O
O
C` !'
ON as ON 0\ a% M C* 00 M
^
-
Ila
Q
9p hf'1. h hr1 h'.f+^ OV O^D O^D. O^D .•^ toS ma Oa Oa Oa m1l^
a,
n
as
n
Q\
t aS1 ast
U V QrE' rnrn r^rt R11'1 1'1P1 a1^ F1 N1 a1'^ hf"1 wP1 y1P1 ^oN NN NN m K'1 m f^ f+1 * ' a	 '^
C y
O^
,.^
a^ a^
M
Q\
ri
^D
r:
^D
r:
%0
r:
w
r^
a
^
.'f
Iri
a
h
o0
^o
00
.o
00.
^o
h
r;
h
^
h
r;
n
vi
f 1^
^ _^ In In Wn
^ ^ n i i N1 In en ^ rn m rn rn M !^ to rti m ^ ,n
^: Q 3c t 00 nir o
^.Y..
-^
O
O
O
O O
O
O
O
O
O
t..
C
3 O
O
O
O Z
O O
O O
O
O
O N
O
O
O
O
OO O O -C.
^i d
cr.Lr a ^.
v
c
 a
r ^ ^+c^ _ y.c
'a
^ ,zv
c a
^ ^ aa.
v
c
In w > h t% a v1 is > In it >
ZY y ,gyp O O O O. O O O O O O O rt1 e+1 R1 Q O. O h h h 'pC y L. G-10 L D e^a^ r`1a^ rn.O^ e"1Q\ m01 rna^ Ma^ ma^ mQ\ mQ\ ma^ NO^ Na` ND` a^. 1'1O^ e'1a^ NO1 Na1 Na^ ,
w Y 41 'O 9 w ': LL 1 > >	 CJ >	 d> C1 i CJ iCJ G' 1
V
c c ^_ c ro	 Nro •^ ro ro O L
C
^a v
c
gs c oa o $1 C o C] p 1	 Ce v Cc] rs 01
4 Q
CJ y
^' `^	 U mov w %
N
%h O %D { r, h h oo 0o 00 N ^.0o h U N ^.0o sn U
N
oo h U oo V oo U 0o U oz, O 0o O Co O
'S Q
k
1
a^ ^ •v ^ v ,^ •v ^ ^a •o 'o •n ^o v t ^ ^ ^ ^ •o •v
o O O O o O o O O O. O O D O O O o o -o o
E"Y
- 1 L L L L L L L L L J. L L L L L L L L L0O :7O 300 7 00 7O 7D 7OOD7 7 O.o7 DO 0D 0O O aO OO
^^
N NN
1
aN
1
aN
i`
NN
i`
NN
i
aN
1
NN
1
aN
i`
S-N
i
aN
1
NN
1
aN
1
aN
^i
aN
i
aN
'.'
N
1
a
,N
^
.7N
.1
.7N
Cro ^D h
a
00
a
Ch
a
O
^n In
N
Yn
m
r
m.
h
L.
h
%.0
h
h
h
b0
In
a%
h
O
^D ^
N
^
rn
^
.a
^
In
^
3-4 1
itler ...[+^. V}A'.4^.+.n .;tsY,,.e^- ^ *h	 irv+0.+Mwnx+ 'fitMlyiVd6Mia9a^6fk^.lntt.Te`i-k^..RUir.Y.au.w.«.a,w.. a... ,,.. .^ 	 ..,.., ..	 ^^ ry ..	 .. .. ,.	 _}^
aOz
^ N
1
9
1
l
	
t
b
9
'Iv '^	
}	 L g
	
hQ,V.4, W 4. ^..^^„ h	 f	 h 1D \0	 N	 M	
o p o O ^: O
1	 .^' aT ) ) M 1 1 ^D fT	 f W ^ O O . ^ O ^
'^ a ^ n ^ o o ry o ,°^ oai Z o o fa o o o ca M M o o. ^ 0t ,•^ ^O ^:.. P+r N 0 W (S O'. O m O ®. N N o N O O O OG
LIN
,4 r•
O o; wO
u a ( a-+ f f%.M 4p-. i f a 1 f Ocr MN Jr DO-+ 1 t ^1 1
O^ N n n K K 0000 w
<
"^ f7% hf1 h^ w1,f\. ^1f\ OO^ OON Ql. 00 oO. 00 00 p 00 ^.W ^ 000n (^
M M f'n f'n N N N NM (n th
_
Ih N N N
r
^	 ^ fh fn 1• "^ 1'n Pn fh
^, E
00O 000. rao wO 'O 00 n o0 1%6 ; n
w
O
^n
O
^^
O
v^ a^ ^n ^n0. oO 0 0O o. #`	 aO O O O O O
h
V) 4 A.
O ^[ MM MM MM Men M.O M.O MO n'1O Mh Mh Mn hO. nO f\O f\O f\O f\O f\O O^N O^	 O^N N©
1
`u
E" C4.r N N C;N NM NM NM NN1 O\N mN OZN OM OM OM OM dm O.M OM 4M _.M M v
V) r A v1 f1'1 h '^^'1 M M m M M, M. M. 00 00 00 m m C+ m O O O .^OO h
.I
h
w•
h
1 ^1
h
_
-
h
— _1 1 — —
h
— —
^
_
h
—
y
Q
a—
f 
^.
'^ f'1 ^l rt^ ^.,- !R !n__ ri M , n -n -r , z fvN rn ._M M M
_.
jvyi N0
-^
CD
O'
C3
p
-
so
fn VN b fS fI`n ^
^
OO O OO O OO OO O O O O
r O O O O O O O O N
..^ ^ O• O O O O Ci O O O O O O O i7 O O.
uj
a
c c o. = e a c n A c a= c° q
gy
H Ln tL 'LL > Jj 4• 17. V) fi. > h L > V) L '^, > to LL > Q^^
,t	 ` Z Y	 y fOCro y^j L p, OM OM OM OM OM OM OM OM OM OM OM NM NM NM OM OM OM OM OM O Of"^ •1-
^ ^. N.^ 0\ 01 O\ O^ ^. O+ Q\ O^
^
0\ O\ O^
^
O^ ^ O\ ^ O• O^ cr,0^.	 Q\
Z 1 ^ Cl h
(,^ N^ ^ b p ^ ^	 O ^ a _^ ^ a. ^ p a t
i . Q
6l y
~	 > V ^ j^: . ^ N00 v1 V 00 v1 V DO ^1 0 00 . x'1 V 00 00 00 0o 0% 0% Oh o% m 0% ON ON O% as O! ON, .01 ri
L
G ^
t ^.1CD ^ ^o v ^o 'v ^ o ^ a ^ ^ 'o ^ 'v ^ ^ ^ w _ t7 b ro a cz a 0 0 0 0 3 g g o o 0 0 0 0 0 0 0 0x _ x xxx_^. Lxx x x^.s =x^.x
L L
O
L
O
L
^
L
^
La La La 0+.1 La0
L L
a
La La La ^ La L
^
L
a
L	 L.
a
.^z
b
x
1
x
Al.
o
.L ox
.^
0
x
M.-
x
11-P
^.
o
^'
0
x
I
0
x
o r"o,
.^
r	 1
o
1
o a	 o02 "o
N N N N CJ N N N N N N N- N N N N N N N N 6m
ro .. 0o
Q'^ \DV' n..^0 00^D ^D n A Nf\ d1't< _r(\ Kn fN^ fN^ 00n ONt\ O00 P.7 N00 Mco d00	 . C`w00.00 Uh -^ k
f	 ^...
3-5
Li
.
r
_,	 .. ....,	 ..c. .. , .4	 ^ ^^__Y. .W_^;x+a'... ».,x•^v.	 „^.	 ._i._.1c..._
b
:r .w.e xh 4+a.
a91
N
v
.
Y y 1^ 00 ~
{,	
to4
`.O G 00
r Q.b.:.4 ^GL.^v i .1 t 1 1 I^ 1 ( "" ( t 1 1 1 I ! I 1^( P 1
^V' 'N ^ ^ c ."'.. o 0 0 0 D; o o a N q c; o 0 0 o p o o M o o c
p: ►:.	 .: o 0 0 ;c M o o M 1 e+e o 0 0 0 0 0 0 0 0 o 0 0Q
1. Cy
C y ^' N '^ 1D k.
Vv
1 r 1 1 W ^ ! W ^ e a ^ ^ 7 r 1 ^ ^ 1 e r'1 ^ ) 1
_u
U q
-	 IC ^M nM e^M ^N 00 00 00J O rO wO O ..fO O O rO O N N^D N00 ^O ^Dh 1D1^ ^D 00a
'^. 0\ D1 O\ ON 0p 00 00 0\ 01 Ol. C7% 0\ O^ 01 01 01 w00 00 OO 00
m
00 00 O0
m
00
Qv
.^
v 1^
—. — ...^ e+0 01 Q1 A W h W v1 w '1 h M M M N N N — .•+ — O.
O C x ^n — ti r tir C
e^ — OS 00 00 so 00 00 n n n 47' ^ .7' S
;^ ^,,,^ ^ Q O D O O O O d O . O O C O 0 0 D O 0 0 O O
—
_
—
U
..
c Y ^ 10 10
01
0
e^
^n
e^
W f\h MM MM Mn^ v1 oov1 eo'n 00W 00r 00W Oo0 O00 OoD MoD Mo0 M00 M0o nrO
w 00 m m 0 0 0 ON m ION m m m Dt C4
^
o: a a a o^ fr of o: o
U t-
N N N N M nY M ,N N N N N N N N N N N N N N N N M
ti
F` O Y In h
00 06
W1D
00 r.:
...,
00
r
OD
r
00
M M eft
n
r ••. ^.
(r
^ O^ o^
%-D
O
W
O O N
kDD
N N
^D
N
%a
^
e'1
K CK m 10 %D 1.0 w w DD
o M M M M M M M eft M M M M M	 - M M M M .. _, M M M !'1. 7R. M
Ln
r..^ L Y O O b o o D o o D O . o O O o o o o © O O O O O ' P	 {{
v
O C O O O O O O D O O O' O O O D O O O O p ^ O 1,^!
'
N'•rl' v _A A a1 A _A A a , A _A _A i'GW
-
""
c a c -^
^'
c a -- c a -
—
c c -- ^ a-— c C.c ac-
y
c aQ.!
'.:^ 7
v1L 0/> ^ 7V) L 6J> D —h tL v> Dh ii 67>
O
!h
v
L•.
O
>
O
en L•,
v
>
O
to N
O—
'li
v
> N 
^'
V — O O. O O O O O 00 00 00 M M M N_ N N O O O O OG. ro v L a M
a%
M01 MC M. MD\ Mm M01 Mm eftD1 Mm 'D00 1D00 ZOw W u'100 v100 D\ 01 MD^ e'10^ M M01 M01. 4 F 1- L N x
— — r
_
w
r — r — — m —
Q
>U ^^?±oDV - o- 0-. 0 o 0- o- o- o- 0 0 o a o- o^ -0^0 o v°M1 p o- 0- 0 -- -
0
cl -
_9 v- b ti a v b w v_
CA o 0 o 0 0 0 6 o O o c o 0 0 0 0 0 0 0 0 0 0
,
z o44^ \ ^' S — = .ten. .—.. S .w S S S i+Y. .T.. .Ti .r :—. S — - - — ^_
-
L
O
L
7
L
D
L L L L
7
L
0
L
D
L. L L
O
L
7
L
O
L
7
L
O
L
7
L
7
L
0
L L
7
L
7O O O O O -00 O0 O G O O 0O O O O O O 'O O O O O0 O O
7. T
1
+Y
I
a ti
1 1 1 1 I :1 1 1 1 I^ r r 1 1 1' 1
N N N N N N . -N NN NN NN NN. aN N'N NN . .TN SN
M.
NN N N N NN NN NN NN
^.
...	 y_
y pgtt
^	 N^
Ip
L^ G.:
t..
00
00
00
Q^
00
O.
O^
—
O^
N
01..0\
M a
D1 W.0\ D^a% M0\ aD0^ ^Ch O^.., O.. O— D... D.^., a.-^ O^. D— O-. O— 6
i
3-6
r 4
^.^.	 , r  ..,	 ...b	 ..^...	 ..X.tu-r	 er.a J t ^^' "$u^^v."`A^Yt^'L^}A^'^`^ I.*a4:abkS4^e.Mrw`LY..r.+.t'w W v.i.w ar e. ^ 4 .. , . r 	 _.c
.J
^,	 o
u
tlZ
}	 Y h '.:.	 C 00. oo O O Q d0	 O, d 0. a .D N oo A\ i a t i 1 ! ^` P 1 t t 1
U	 ti v .,R. N O^ O Q 0^ O oo O :7 n O O O O O ^+ ..^ 6 O O 10^ lL Q'y f+1 n O ri n 0 m O O t+1 O O O Q Q Ore o0 Ci 0 O
t `
C V N
00
a\:
h p^
f
h eq
^O
p ^.
^b
a
' Q
V a
M
-r i ^1st M-^ h 1 f^1•Y1 t ! e s Qn^ a-» i 1
I-'
v
ZZ a °= 0 0 0 Ch, m " s a a W %O
`^
vv E
e`0 00 0o m m c^ N n n o0 00 00 :r
n
a a h hv
Z V y O
^ M M M M aN aN aN O O O N N ^+N NN NfV7 ^ ^ ^ ^ ^
F
st sr a^ n n n_ M M Mn o c n
.°.
o o o O
-o^ of Ch oC a; 0% oS of o: a
t N ro .^o X n'^ nr nh ooh 00h 00h ^Da ^Da t0-:r nn nN nr; nh hh nr N90 N0o N0 Mn MO H^Q, OM 1AT OM a;N ON^ PV^ M .iM aM N M D tt a,,. M M M. M M M M M M_ M
C^ 0^ O+ R n n n M N1 M r^z P K
1- a-::f- n
-Z;
1^. n O
W^
O
,=pY o0 00 00 V1 W1 v1 -.D `,p %0 6-1 r/ lf1 a .T v1
0 M M M M c'(1 M. M _ ert .M !'1 M ^=^ ^1 M: ^1 M M n1 M M ^
P
O = 0000 N N^e Ltic
-^ O O O C? O O C^ O O O O V-4O O O W+ O O 6 O
"•. .. O O C Q 0 0 O O ® O-0 O O O O O 0 0 6 O F
G^ w a, a, a. w > ^, ^,
t o:J c - eOJ a c6l
r°s
CJ a - cC1 a= c6l a= c a --^'
H. 7N L > .9 LL >
p
A fi >
p
v^ tL > to L >
p
try L
V
>
G
Ln LL
e
1
Z ^L	 y b G1 O O O^ O^ O^ M M n1 h v't n n n n 1^ n n n '^, j. t '^ C. y L 4ice ^ N Y Mo'` Me^ Mo^ Nit No^ Nm No`, Nv> Nv% No^ N^ Na^ N.n NON Nm M Mm M u, a^
-
i  
W
Q Y CJ	 ^. y.; ',O",, ^^L', N OJ.	 C^
N
G©
Ni
C
N
GT G .
i V
cL _t' roC1t9 roCJm >	 roCl >	 roC1 LG G c  C y n N w tl h	 ...
> U
	
5; r o .. ... '" _, 'o .., 0 —0 ^ (^ _.' !J _. U _. .. ^ ^ ^ ^ r U o. t r u o+
Q
Z.
f^ cdi)
W
k
.-1 a ro_ ro a b v ro ro ro ro v v -o ro ro0 o Q
=
o 0 o c o c
KG j- x ^ ^ ^ W ,y Z x z = -- x
^'
7.7 LO>>
6
O
L7O
^.GO
L'
O7>
L
O
L7O
L.>O.
L>O
'L
'7O
L7O
L7O
'L7O
L7tl.
L'7.O
LG.4
L7O
L7O
LGO-
^ x^ x ^. .
N
c
N
c
N
c
N
"`
N
c
N
t
N N
i
N
i
N
"i
N
T
N N N N N
c .
N
c^
N
^.
N
j y a+
M a ^'1 ^D n 00 ON O N f"1 oo 01 O
^ .N., N. ^ N N .N.. N ti .Nr .M.,,^ ^ Q Otl. ^ ^-. ^. .. ^ .,. ^.
' y 3-7
{
f
Z0.26C d G i0i^ 1
	 O	 9 0 0 0
	 G	 O	 %D
9 1 1 N a O C!	 O	 O	 a	 1	 a	 1	 1	 a	 4p
0	
1	
^
b
o­%
€ 
1 U ..
.w — ,^„ O b O. O w O O n O O O O O O O O +r!, 7% O N A O 1^ C O O O O O C^ O d Ca 27
C
u a m 1 ( m 1 1 a a 1 1 1 f 1 1 a 4p
'^ U ^'10 -.a. oo eom b o d O O o ,°,^ 0 0 0h mI. ^ mn mh m m m m h h v1 In v^
U V
I.y
z
U ^y N
N
.'!• .T
N
.T
N
OQ 00 00 w 00 M 00 00 00 0% iT CT T
N
MH
WN
M
` 'C a+..
o Y
m
n
N
v^
N
In
N
r
D\.
r
O^
h
O^In o^v^ 01In 0\w a,In o.In v^ v10 V10 h0 ^00O U^ a N N N a^ a .a .7 Rt a ,7 ar N av N N
U
b- m m m m a• a a• a a .a a a a ^ a a a
^-•
C O -+ -+ — 00 .00 00 .r ^..
...
b
Il^
4r^Y. 00N. h00 0000 h0 0 mh 4
` h ^0 ^D ^G Ir1 fri R1 a ^ ,a a a s h +i1 h ^0 1::
? 1.,.^ 00 O N 0 0 0 O 0 O D O O O O p O O O a	 S;
Ll
"'
c a— a— c a :: c a c c = c c 1
F > V) > v'1 li > In ^. > h v; > ,n > vii4
^^j x Sf a h mN mN mN ONN mN mN wN 00N 00N Om Qm 'Om Cm Oin Om Om 1 "tr Gro ci L L
G N 
Se T 01
.^-, O^ 0\ 01 O^ 0\ ^-. ^ 0, O^ ^ tT m1"
L ZW
1 .-.
N,y O OO
>C C	 ^" N.
1
>'	 'O C
YI
.,..0
CJ
_i., ro
a"' N
,fl
y
i
C C
1	
CC! Qt C C1..^
.^
C C C C N 6l Cv1 C E1 y
ro	 ro ro O. 1- ^"^ N N O ~ N N 1v N N N tV o N O N.^ N "" N '+ N "' P1 C M. ^ f+1 ^ M1 ^> ^^'C7O ^"	 >U ^„'
--hUa. .. ., _ ., —(J
-• U -- U -• O — O —O — O --O --O -+02Om
r
E E E E ° E E E E E
E E E E E E E E E , E
x,
..
c c c c c^, G c .a c c c
C
..
,v
..
,a^
..
^e1 , ..
.,
.C) Orr O ^.,O O Ow O O OiRl -.Elvl ^J w
. w w w w w
•p y^ ^ ^, dv d6^ G.6i.. 2U 4/J Clfil CO GO CO CO CO CO CO CO.. CO CG
^° i E G CZ G 0 G G '^
ro
ro
ro c p
`Lr
Y :; :: ^ .u, ::
L
. ro4
L
rod
L
rod
'L	 ..ro
a
L
rod
L
ro4
L
r.d
L,
rod
L
ro
L
ro4
d ai u ai w u u u u u u }u u ca^ uI ''
L
C ., S +. G er ^r G L C G G G
N t:J 3:1 l:l L•J tL LL! C'.! lil til L W L' t L'J tJ liI t:.l `" R
m m m m m
—
_ '•
a
^ m^ ^ = ^
1
t 3_8 q.
,
maty,.
« yt.	 '.?}rY"i	 r.m i ' . ..M:bw ` 'nte'4`^tNh'Is3 a49EiaNklm6wv+¢amiwR..+.Wa^se'v.
F }4
i`
1
!i y
^x
y
O
.:
° m^ a °-' a
eta'
`O
^
p
"ChQFCO„ d G^ hY
ti
1 1 f N f 1 1 1 1 v1 1 1
e^ = a 1 U^U '„ rd Q Y O O Q O O O O^ O O A O ^0 O M O
^ 0 ^: ^ ^^ O Q Q W p O ^ O O C 00 O J M O lV O
C
b+ ^++ b 00 t► ^: N ^' M
{° Q t?+ S N .^? h N ^'1 RIU 1 1 1 "^ r 1 *+ 1 1 I "+ 1 ^ '^ 1 d
v
u
V y
ro
a
o
.^
o
00
eo
00
00
00
w
b
O%
00
as
00
oN
90
o^
tq
m
w
ON
e0
m
tp0
o.
00
m
0+)
o^
wh %bh
E h h n n a 4p Jt a a a x a .^ a s
Q
C^ O* O,. %0 w w N N -N N	 , N N N N N N
HF
C! v;.. h P^ O. O+ O^ Os Q^ fT C7 O O O O O ^ A
.h ^ m T 04 00 00 D 00 17; C^ (Y; 1T C4 Oi 00 00
t^
^ ^ v.p Y ^OO ^0O tT ^n 01t: hIli ^h ^h hh ON^ tTiV tTN ON^ ON^ ON^ MItY f+1n 7,r..VQr N V1 . . . -0
U
H a M M fn m M M M M In M M M M M M
h O Oa Oa O7 n In MV; M
—
o0 1>0
ti=
00
7-
00 0o
^^
sQ,, h v{ vi ^o t\ ;
s
„az ^ h a ^ (^
t' a Y o Q o 0 0 0 0 0 o o o 0 0 o fiC5 0 0 o 0 o 0 0 o a o 0 0 1^ o o ci ,;
Wc ^oa _ _ c a ac ^ c ca
V7 ti: > V) i V) ti. > v'^ i > rn ii j
^C Iln yJ p C! O M n1 M O O O A O^ tT O^ O,, 0^ C, O O
` `
F
a
a T a m Mo. ON ON, ^ o ^ ^ ON ^ `.
_ - I C
	 ^
'
J b N 7'	 y
Gl
1 I	 y 1 1
z
`
LLI C C C
	 G te ^;,, N.rt5 '^	 ro OIb
C	 U ^'u^lG	 tZ E"
C	
ryyO.	 C Fice„
',^ v
N C
'^ y1 j .^'	 a
N
,^	 aCO f,,,	 .,,) U	
to 
=
—ozom ^ 0	 0M M— f"1-, Ih— M,hO /''1 N^ h U o17 P1— h G n1 N— h 0 m- m m M.. Sal— M— N'1-. M—
^ E EL
3
1^ G
y
L L
1 tA
uj $
.j v v v v ro o v v v v oCl] 0 0 0 0 0 0 0 0 0 0 0 'p 0 0 0
^ L
n
^ ^ V L L L
a
L L L L L L L 'L ^ L L L j
a$ 0 0 O O O C O O O O O O O O
g
!i
W	 :
¢_
W
1aN
IoN
IaN
IaN
Ia-N
1aN
1aN
IaN
I
Na N^
1aN
iaN
1^
-N ^N
^
N
typ.,.
00 O N M S h Iz to0 ON O V N Ih S
h
^,. •p.ro ^' a h h h h. h h h h 1n ^c gyp. 40 f
^fli
t
^f	 t
r;
" 3-9
'
.. .rv..	 __ •}	 L	 1	 }, NIhYFAaxriuwPfv'^tdiV^A141?.1i^4w1^rfdal§-ivenmu>A.evua»w.. ..a.	 -,e_  .. ^^	 -_.• +p^`~y^^^
^Atl
nr
k
^f I u..
t
N+=
0 2 tL 7 +`
Q'
O
...
N.
00
00
n
%D
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
W O
C
O
:^.i^
O
O
. C ` U"
rye
d
.^
It
V I ^' "" 1 1 1 1 1 1 I I 1 th I 1 1
. d
F
U
tJ h ^D ^0 \D ^D b 00 t70 00 00 00 %D \0 \D \D \O o0
+
<
ro
C
h
d
w1
d
^1.
d
n
S
d
OS
m
tT
d
Qh
a
m
a
m
r
01
N
0%
N " h
W
h
00
h
00
d
w
^^ U HNC r
^'
..w
n:
..i m m m m
r^
tT	 !/M CA Chr:
oC
t' ^
o0
n^
IPt
r^
^
^:
in
^
O
r ^
h^
© 7 N^ .r
.:N ..: .: ^i y ,F
p
h 1^ !^ h
N N N N N N m h In h m
N"$ 'b .x. f''1
w
rY
.o
rl
WS
%S
:^
%i 00
.r
eo
..
0o
..
eo
r
00
O\ tT tT
tr
N
0
N
0
N
0I"^ t'1 rl - rl r1 N. 00N N N N N 0%N n' N rt r\ r1 0r1 '
E.r 011+ h1•. hh h11:
O O ,. O ON ON ON r1O r\O 1+1O hN hN ►^N tq%i
fn to t! '.tr- e•s	 _ C'1 .: ,_ :,., ; : ,_.
	
'. `^	 _. ^;:::.^. m ..m &I
O.`
►^ 2^ O a o 0 0 0 o N o o o o o o0 0 c6 a ay a t^ 0 0 o Z o 0 Z 0 o Z
: > h U. >, N LL > N : > in a to
C.) M 0 0 e^ o m m rn 0 a 0 00 00 0o h N h m tCLfC \,	 7 mST nQ^ mtT mtT OO\ otT O0^ r1O^ R1Q\ "NtT \o00 \c00 \0W sw 00 at10 r1.a%
W c c ^>	 .. ss. N C c E; c E cm	 E ;:, 2	 E,
z CU
y ^ rf(,7
c
.,1	 6t	 ,.t0 N d. L 1•'i r\ m m n r1 M ' ^N +id .d G.S ^Ld N w .7 -or ^ I : ^^- N	 LV tiY
r
S tjy Q F-	 >Uao^^ ... _, ..QfnO -^^nOa p -. .-.prep »r+^¢a0 -. app
r y!Q
Z i3
Ix 7
k
LU
i
'
L
o
v
o a
v
o
-a
0 o
ro
a
.;d
o o o
v
'o
"o a
0
M
0
fl
0
9
0yoy.
'
F L.
O
L
O
L
O
L
O
L:
rr^
L L
0
L
C
L L
O
L L LL
O
\
^j, L.O
L
C C
4$ .
§
gg .^. it1 i
G
Z Z Z Z .+s
a
r
.
0^r	 -
w.. S C.i ... 'S
7Jf aN N N aN N N 4zN ,'N aN aN sN sN N aN aN aN aN
.% c h 1G^ h 00 p\ O N r1 d h ^0 h 00 0\^ O ^'
I
1
-3-10
_
.
.._?Mz".+^f?" ^sairvR Uai.Aa y. r.:...	 .....x,.a w  _	 ...: a
Q0	 ,
Z
r
o.x ^ ^ v roFj L O
9
O
O O
O
O
O
O
O
0
O
0
d
0
O
0
O
h
h
O O
G^
O
O
O
N
0
0
0
0
6
004 U. 0= w^ O
C v o N n
Uv
so
Q V
F" 4)Rlu ^; a M. C% a O% Oz a 01 r^ ^. M 1. O O O O a
,^ E oo 00 ON as O. as 0% Us r h r o` 0% o. ON o,D ^
r ►^
u 
y O O so ND w %D b o0 00 00 O O O O m
P to m a r S a? a o^ cr d a a rn
H
M f•, Is: 11: h A 00 00 00 00
IM
! N ^ s..O^ ^r n M^. Mr Mr M^. AM hM hM y ^ Ar ^ MM MM M.M MM w1M^.. Q (^uQ''
!O^ O A A P: n A A A .Y ? S 0\ O^ "m 0\. 00.i `..1 R1 M N N N N N N N 4r .7 S S N N N N N
;NJ ^ ^ NC .► S 7 S ^ 1 ^. 1: N N N n Pt 11: "It Pt
Pn P^,1 ".A1 r~^1 tr1 e''1 M _.M M M M to M M:. M M . m
^ 3 .^^ ^ ^ o 00 =: o
t ` a ro	 ^^Z O  0 8 O O O N O O 000 Cl?
O O O O O O© OQ LLr4r O O O O O O O D O l7 O O O O A Q O O
uj cu
r
C
'
G d O G G O C d C G d c d
p-, i_ > v' i s ti > v^ 5: > v'a ^n t% a V' h iF: > v')
z C v	 y wi IIi m. 1 :M N N N N. m
< N.aL
O\ Ch
00
00
00
00-
00
00
00
00
m
O%
m
as
m
y Or as
M
O* ON m ON ON O% O\
Z ycm"
>	 Ev > > >	 ro > a
'^LLrr,I,V C C
_ 
J> ^+ ':. L•. ri,
ro	 ro ro C L--
,L^ 	 C E y
N ^ "^.7	 L
Cy
K
.T^ N
2	 C ,mot 	 H
.7 N^
„^ Z^ C
Q
..)
^ V ^v ^ .. vti0a0 S --0 :;-^. h O .y1l1 V S N 
G.
^ h O
S S^ S^ S ^ . ^ C:5
.. Z E. 0 ^Y— .S... S S— S., .Y' —
— =^
E^
^SaE Eo o E E E E E E_ E E
Ga
lon
F
c
ro O
c 'c c c 'c c 'c c
'"' ° k 0 0 L0 0 0 o LoM y ^ w w w w w w
..a vG v o ^ ^ ro v
.o ^ v io m ^ ^ ro ;^
.^ .^
b
CO 0 0 0 0 0 0 '0 0 0 c`c IZ Lm ro 0 0 0 0 0Q T S S C 2 S. Z a. ., c a c c a a -_
Fr. L L L L L L L L L L V V L V V L V L> > o 0 D a 0. c c. n. a s G. o
1 1 1 I I 1.
_¢ _¢ < ¢ ¢_. _< ¢ < 1t N N N N N N M N N W !iJ Ll IJ Li l l:l ti] V N
C
^ ♦ —
N
oo
M
o0 S00 ho0 so00 00 o0 0o C, O^ O^ MD\ "'O^ hO^ b4T hO+ wD\ 0\T
3-11
	
IT
	
♦ 	 t
..	 .. .a^..... 	,.	 ,„	 +.,.♦„w.a n a.,urwi^?^i^dnO^YSxer^mnvsc^re^. .^ 4i:Imov..nn ,a..^.^,u......^a,.t.,..^..:M_'f).. "'rG'"'^^_P.^	 ,:. ^.. ._ __	 ..df ,:
qi
^d
O^
I
i
y
r
a 6
b
T
U
c
O
U
d
A
E^d
r.^l
U
V)
Q
V)
v
Q
u
F
Z
ZW
0
Q
h
n 's
y
2
x
	
D^at: ba y V	 1 4' ! I 1 I s a QOi 1 ! I 1 1^ I I h l 1+.e
`^ 7„ v Y O O 0 0 O O E7 O 0 0 0 O O O 0 0 0 0 O OQ^ ut S 0 o 0 0 0 o I\ I: h 0 0 0 O o h 0 o I\ o otr
	
^u	 ri o N	
w	 r;
1	 I	 I!	 1	 t "N" '~'" h 1	 1	 1	 i	 I ^	 I	 ! h	 1	 t
u(J y 00 Gy .- -r .w .r .r	 4q 00 90 r ..a rcp 
E 
a	 O^ Off. 01 ON rn	 s .c K N R N1 n I'01	 MO\ m 01 O% O% ON O	 M\ m m R m m m O% w1 h n11 M"V
u
	
^ n	 a\O^ ^D ^D ^D ^D ^D ^D O^ O^ O^ N N N to 00 00 e0 00 ^?U = O 'I 1' n wT .t>; a S .t>: :J M '1 M .T^ a a O^ O^ O^ O^ ^J^^ O^
-+ ... r h r .D ^D ^	 ., .^ M ^ M
	
C	 si -i
	 -i -:
	
^%	 O O O N N N
dS h n N N 111 M MO O O N N N a0 00 00
p	 M m M M m • I -. -r . . Z; 00. M e0 w — -: T O^U	 00 as I!	 n n N R 00 00 00 N N N. h. M M MH ^" N N N N N N N N N N N N N N a 4t s r S S
00
M M N N NO %.D %D \O m a% M O O O 00. 00 00 o 00 00I	 f	 M t"^ 1'n V1 .
 M1 v'1 O^ O^ a^ C^ O^ O^	 •^ ••^ h I	 t
^
t1.
^ h ^'1 
.^.,i +<'1 In v1 ^ y h f^ f; ^^ ^ a +T S _S a .7 a/n M M M M. M !'^1 [^1 'n1 C'f t"t .-1' M M M M M. M M M
f\	 O	 M1,	 h
	
h 3 x	 11	 O	 a	 a
tv^ Y O C! 0 0 0 0 0 0 0 0 O O O O O O O O R O^,,, o o 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0
	
,u	 ?.	 :).%	 >1	 >n	 >1	 >1
as	 ^+	 a+	 ^+	 w
	
c	 c n0.	 c 0.6 c 
N
n0.	 c a= c a0..	 c a	 c
J L > h IL > h Lf. > 	 LL > In LL > Vi {L > In tL >
x y y O o 0 0 0 o O- o 0 o o 0 o 0 o 0 o M M M
^ y . ^ p„ M M M M M M M M M M M ^ M M M M M M M M
^' 0..	 O^ O^ Off. O^ .tea w Q, ^ T O^ O^ O^ oy O^ O^ 0\ O^ a^ O^ d.
1 C ^^
^ v b > r+': LL I
b	 b V0\ tv r. 4v /.	 R n f\ /. M1 ^ K h f\ h t, ^. na0„^,, n
u	 u
	
0c	 0^
	
E "'	 E
	
H	
E 
R	
oE0 4%
	
Fa	 Iri .^	 P1 .^
wO
k'
y v- b v w ro o v-0 -o - v -o v -a
F
o
.^
0 0T T 0T
0 0
T T T
0 -0 `o
T
0
T
0 0
Z T
0 0
T_
0
T
0
.+.
0S o2
a
S o
L
7
o
L	 L
7	 7
a	 0
L
o
L ^
7	 0
a	 e
L
7
o
L
70
L
70
L
70
L	 L.
7.	 00	 o
L	 L
a	 7
a	 o
L.
7.0
L
70
L
00
L
70
L
70
L:
7	 ^'.0s T T s- z T T T x z T s- x T T
d	 -T d .4 .4. T T .4;N N N. N N N N N. N N N N N N N N N N N N
}4
" t :° G O ^+ N M.. ^•	 W'D h W O\ o r N M a 41 w. I^ oo " d`
N N N ry N lOJ N N N N N N N N N N N N N N-
E
t;
I
3-12
1
L
1 ° 9.:	 . u	 w.	 ._ -	 w	 . x	 .d11 -
J
.^ .^ 'Y'r^ V^^
Y i h',+^rc 1•^^fAte_.	 rluilitYtlNrcM.d+.we.	
f+-`-»- ..•._•
. ,did/uDilY7S^l4^NG^iLOR^+	 uutura c
The initial proposal indicated that a correlation of test data and the analytical model by
Liburdy would be completed. This model allows for a mean fluid flow term and, due to
this term, one goal , of this study was to determine the effect of flow on the thermal
acoustic oscillation stability limit. Test data points 106 and 107 are of particular
interest. Data point 106 indicates that, for a flow rate of .020 kg/hr, the supply line is
stable at a temperature ratio of 10.6. The supply line oscillates for data point 107 at a
fregency of 4.3 Hz for a similar temperature ratio with no flow. This is in the direction
as predicted by Liburdy; that is that flow increases stability. However, test data points
87 and 94 contradict this trend. Data point 87 is stable with no flow for a temperature
ratio of 11. For a flow rate of .042 kg/hr, the supply line oscillates at a frequency , of 3.9
Hz at a temperature ratio of 10.8; this condition is described by data point 94. While the
'temperature ratios are not equal, Che stable point, data point 87, has the higher
temperature ratio and therefore should be tite least stable.
Some observations v ere made while reducing the test data concerning the onset of
oscillations. In several instances, the fluid line would be stable when, for no apparent
reason, 11scillatinn-z ^Lf911^Pl .. ..beg in i, Tile. open1 nor 'nd ^lov ys i ng of valvee t1tn111A in nnna.n^reason, 	 ......—	 a	 ^.v^^. C) ^w4. v y^. b v,; ♦ —. T—. nvWtaa-are bv-.w-.at
effect the oscillations in both a positive and negative manner. Valve opening in general
would initiate oscillation if the line had previously been stable. The steady oscillations
may have been prompted by the transient effect of valve opening. However, if the line
was initially oscillating when the valve was opened, the trend was toward stability. The
effect:, of opening the valve, in this case, may be to disrupt the oscillation pattern.
C4.0	 TEST DATA COMPARISON
is
	
	 This section presents the test data. comparison with current analytical models. In order to
understand the development of the current models, a historical background is presented in
	
'	 Section 4.1. Section 4.2 contains the test data correlation and a description of the
	
'	 analytical model used.
1 ` 4.1 Historical Background. Thermally driven pressure oscillations are known, to
occur spontaneously in tubes subjected to large temperature gradients. Thermal, oscilla-
tions were first noticed in glass blowing where audible sound was produced by heating the
tube end. Thermal acoustic oscillations can occur in cryogenic lines leading from room
temperature to the cryogenic reservoir temperature. These oscillations cause pressure
fluctuations and are generally accompanied by large heat inputs to the cryogenic
reservoir.
	 3 .A
A qualitative explanation of thermal acoustic oscillations is based upon the physical
mechanism that osci l lations are encouraged if heat is added to the air at the point of
greatest compression and heat is taken out at the point of greatest expansion. Under
these conditions, a small perturbation can grow and become a self-sustaining oscillation
due to the heating and cooling effects. This heating and cooling results from the large
temperature gradient that exists between the warm and cold ends of the tube. During the
pressure rise portion of an oscillation cycle, there is movement of the gas from the open
cold end toward the closed w4; -n end of the tube. As the gas elements travel, their
S
^. q pressure increases and, from adiabatic compression, their temperature rises. However,
the gas temperature rise due to compression is less than the wall temperature increase
due to the cold-to-warm end temperature gradient. Therefore, there is a temperature
difference which transfers heat from the wall to the adjacent gas elements. As the gas
.°
elements continue moving toward the warm end, pressure increases and heat is trans-
ferred from the wall to the gas. After the press,,tre in the element has peaked, the
k
process is reversed. As the gas elements move toward the cold open end, their pressure
	
r * ,	 drops, they come into contact with colder sections of the tube wall and heat is transferred
from the gas to the wall. It is the net heat flux into the gas that is the driving force for
	
}	 the existence of thermal oscillations. The opposing or dissipating forces are the gas
viscosity and the kinetic energy expelled into the cold reservoir. This energy (heat flux)j 
pumped into the cold reservoir is the difference between the heat transferred to the gas
t^
r1
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during the pressure rise portion of a cycle and the heat transferred from the gas during
the pressure drop portion of a cycle. When the net heat flux into the gas exactly balances
the dissipative forces, the criteria for sustained thermal oscillations are met.
The following paragraphs contain a review of the pertinent literature on thermal acoustic
oscillation phenomenon. 	 The following summaries start with the 'initial observations of
a Sondhaus in 1850 o. heat-generated sound produced by glass blowers to the present where
the emphasis on this phenomenon is almost exclusively confined to the storage of
cryogens.	 Included in the summaries is a brief elaboration of any pertinent technical
l
information.	 This may consist of observational data, design information, methods of
analysis or correlation of experimental data with analyses.
C. Sondhaus (1850) (Reference 1).	 Sondhaus observed that audible sound was produced
from the tubes used by glass blowers.
	 When a gas flame applied to the bulb end caused
the air in the tube to oscillate producing a sound which was characteristic of the
dimensions of the tube,	 t
H. V. Helmholtz (1863) (Reference 2) and G. Kirchhoff (1868) (Reference 3).
	
The first
r;.	 calculation of thf: damping of acoustic waves in long tubes due to friction at the side walls
-	 was made by Helmholtz.
Lord Rayleigh (1878) (Reference 4).	 Lord Rayleigh provided an explanation for the
spontaneous occurrence of thermally driven oscillations. 	 He explained that the oscilla-
tions occur if heat is added to the gas at the point of greatest compression and heat is
taken out at the point of greatest expansion. This explanation has become known as the
"Rayleigh criterion.
K. W. Taconis (1949) (Reference 5).	 The first reported observation of thermal acoustic
	
!.
oscillations in low temperature apparatus was made by Taconis. 	 u.
rt
H. A. Kramers (1949) (Reference 6). 	 Kramers was the first to develop a theoreticalj
analysis of the thermal acoustic oscillation problem and investigate the st-lbility limits
(with limited success) under which the oscillations can exist.
	 He used the framework of
1'	 LKirchhoff s theory in explannng that tubes which are room tempera,.ure at their closed end 	 i
and liquid helium temperature at their open end may experience` spontaneous acousticf
i	 oscillations. His investigation of the stability limit was carried out under the assumption 	 # .
•
^	
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ithat the Stokes boundary layer thickness is small compared to the tube radius which would
yield only one branch of the stability curve. He assumed the amplitude of the acoustic
wave was small and therefore could use a linearized first order approximation of the
hydrodynamic equations.
J. R. Clement and J. Gaffney (1954) (Reference A Clement and Gaffney experimentally
studied thermal oscillations which occurred in small diameter tubes having one end at
room temperature and the other end in a dewar filled with liquid helium.
They investigated the effects of varying degrees of closure at the hot and cold ends of the
oscillating tubes. A tube completely open at the hot end could not be made to oscillate
unless its inside diameter was less than about one millimeter. Simple tubes completely
closed at the cold end could not be made to oscillate, either filled with gas only or with
some condensed liquid at the cold end. However, only a very small opening at the cold
end was required for oscillations to occur. They also observed oscillations in the annular
space between the double wall of a liquid helium transfer-siphon tube which were damped
by placing a snug fitting hragg r i ng in the. an.^.a:11Ys near the cold erld to block the gas
motion.
L. Trilling (1955) (Reference g). Trilling conducted an analytical study of heat generated
pressure waves. By linearizing the hydrodynamic equations, he showed that sharp
increases in boundary temperature can cause pressure waves to propagate in the same
manner as pushing a piston through a gas-filled pipe.
K. T. Feldman (1966) (Reference 9). Feldman conducted extensive experimental and
t
theoretical studies of the Sondhauss oscillation. A physical analysis of the heat exchange
mechanism driving the Sondhauss oscillation was presented treating the Sondhauss
oscillator as a heat engine. in order for the amplitude of the oscillation to grow to a
steady-state condition, heat input had to ' be properly phased so that a net increase
occurred in the total energy of the gas system of ter each cycle of oscillation.
J. D. Bannister (1966) (Reference 10). Bannister conducted experiments for measuring
E	
thermal acoustic oscillations in tubes connecting liquid helium reservoirs to room
temperature environments. He measured oscillation pressure amplitudes and frequencies 	 1
together with longitudinal temperature ;profiles and heat pumping rates for different tube
sizes. He found a linear correlation between the pressure amplitude and the slenderness
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ratio (length to diameter) of the tube and that the heat pumping rate is directly
Itproportional to oscillation intensity (amplitude times frequency), Figures 4-1 and 4-2.
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Figure 4--1 THERMAL ACOUSTIC OSCILLATION PRESSURE AMPLITUDE VERSUS
LENGTH-TO-DIAMETER RATIO FOR A
TUBE IN LIQUID HELIUM (Reference 10)
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Figure 4-2 THERMAL ACOUSTIC OSCILLATION HEAT RATE VERSUS 	 €^'
	
INTENSITY (AMPLITUDE TIMES FREQUENCY) FOR A	 r,
TUBE IN LIQUID HELIUM.
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M. T. Norton and R. C. Muhlenhaupt (1967) (Reference 11). Norton and Muhlenhaupt
developed a computer program to determine solutions for thermal acoustic oscilations in
gas-filled pipes. For a specified temperature gradient along the tube length, the program
calculates frequencies, overpressure amplitudes and the fects of changes in heat
transfer coefficient and friction factor on the oscillation amplitude. The heat transfer is
computed using unmodified heat transfer coefficients from McAdams (1954) and the
t	 friction factor is input as a constant.{
,f
a	 To determine the oscillation frequency, the program divides the tube into constant
i	 temperature gas elements such that each element has an equal sonic araverse time.
With a temperature gradient and an arbitrary initial pressure pulse as inputs, the program
calculates the gas velocity and pressures fe;r each of the elements. These calculations
consider not only the sonic velocity in eac dement, which is a function of temperature,
but also consider the reflections of the sonic fronts at the interfaces of adjacent elements
of different densities (temperatures). Therefore, the peak pressure at any point is the
summation of multitudinous reflections and advances at something less than sonic
velocity. The program calculates the period between each of the first ten pressure
minimums thereby obtaining nine periods, and nine corresponding frequencies. The
average of these nine frequencies is then considered to be the true frequency.
During the pressure rise portion of an oscillation cycle there is movement of gas from the
open cold end towards the closed warm end. As the gas pressuve increases, its
temperature increases from adiabatic compression and heat transfer from the wall to the
gas. After the pressure in the gas ` as peaked the process is reversed, the pressure drops,
and heat is transferred out of the gas. When plotted on a temperature-entropy diagram
this sequence of events traces out a positive work area, see Figure 4-3.
For the amplitude calculatir the assumptions were made of a sinusoidal pressure
variation at the closed end that that all peak pressures tend to occur at the same time.
These assumptions were supported by oscilloscope observations. The gas in the tube was
divided into a large number of equal length elements with additional elements in the
dewar (N elements in the tube and M elements altogether). The period of a cycle was
divided into 360 degrees and the compute time interval was taken as 5 degrees. Initial
approximate temperatures and densities were assumed and the heat transfer was
calculated for one complete cycle per each gas element. Conditions after the first cycle
t
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Figure 4- 3 SIMPLIFIED TEMPERATURE-ENTROPY DIAGRAM FOR
THERMAL ACOUSTIC OSCILLATION CYCLE
}
	
w	 were different than the initially assumed conditions but, after _a number of calculation
cycles, an equilibrium condition was obtained. These calculations were performed for
y each of the M elements and the heat transferred, and the infinitesimal work done was
also computed. The program then sums all the heat transferred and work done in one
cycle for all. the gas elements in the tube; this summation .gives the net heat transferred
into and the net work done by the gas. If there is positive work (net heat greater than net
work),, the conditions for the existence of thermal oscillations are present. If the work
	
r	 summation is negative, any accidental oscillations will quickly damp out. In the case
	
u	 where the work summation was positive, at equilibrium it must exactly balance the losses
	
3
which are friction and kinetic energy ejected into the dewar.
a
P. Thullen and J. L. Smith, Jr. (1968) (Reference 12). Thullen and Smith developed an
analysis for determining the parameters and stability regions for thermal oscillations
associated with liquid helium. They used a lumped parameter model consisting of the
following components:	 _ l
1.	 A lumped isothermal, inertial element, representing the _inertia of the oscillating
g	 ,
	
^	 as .column.
'p
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2. Two adiabatic volumes, representing warm and cold void volumes.
3. Two ideal heat exchangers a distance R apart, at temperature T 1
 and T2,
representing the hot and cold portions of the tube wall.
4. A viscous damper whose force is proportional to the velocity of the inertial.
The equations of motion were linearized and solved in terms of dimensionless parameters.
It was assumed that the system oscillated at the Helmholtz frequency; this was calculated
by assuming that the adiabatic spring volume consisted of the warm portion of the tube and
C: the warm void volume, and that the mass is concentrated in the cold portion of the tube:
This equation was a function of the average pressure, the density and the cold length-to-
total length ratio.
J. D. Rogers (1968) (Reference 13). Rogers examined subcritical fluid hydrogen
oscillations during forced convection heating in a vertical test section with various heat
inputs. The stability limit heat rates were correlated to a dimensionless boiling number.
The threshold was identified with the formation of small amounts of vapor during the low
#	 pressure portion of the oscillation cycle.
'	 N. Rott (1969) (Reference 14). Rott presented an analysis of the oscillations of a gas
y	 column in a tube with a nonuniform temperature distribution along its axis in general, and
the stability limits of cryogenic oscillations of helium in particular. His analysis was
`	 based .upon the theoretical work done by :Kramers. (1949). Kramers' results had yieldedA	 1
very large temperature ratios for the stability limits of helium which was contrary to
?	 experience; consequently, Kramers concluded that his linear stability theory did not lead
1	 to an useful results. Rott pointed out that "For helium however, the theory fails due to:	 y	 p	 y
a 'quirk of nature': the material constants of helium are such that Kramers , asymptotes	 t
lie at practically infinite temperature ratios:" He demonstrated that the linear theory
r,	 had failed because of the restrictive assumptions placed upon the extent of the viscous 	 j
1 region of the gas motion. Upon including second order viscous effects in the linear
stability theory, Rott was able to obtain one branch of the stability curve. The entire
stability curve was later worked out by Rott and published in.his 1973 paper.
N. Rott (1973) (Reference 15). This analysis, an extension of Rott's previous work,
presented theory and numerical calculations which determined the entire stability curve
s	
for helium. A reprint of one of these stability curves is given in Figure 4-4.
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Figure 4-.4	 STABILITY CURVE FOR HELIUM-;(Reference 15)
I	 1
a	 = Hot-to-cold temperature ratio
§	 = Hot-to-cold length ratio
Y c	 = ro ( w/vc )y2 = tube radius-to-Stokes boundary layer thickness ratio_
ro	 = Tube radius
w	 = Angular frequency
vc	 = Kinematic viscosity
In his first paper,- Rott assumed that the viscous boundary layer was small Compared to
the tube radius; thus, yielding the lower branch of the stability curve. , The second branch
was found to exist for the case where the viscous region fills the whole tube in the hot
part, but is small compared to the tube radials in the cold part.
T. Von Hoffmann, V. Lienert and H. Quack (1973) (Reference lb). Von Hoffmann, Lienert
and Quack presented results of an experimental study to verify the stability limit of Rott.
Tubes of various sizes were inserted into a double glass dewar containing helium. A brass
vessel filled with liquid nitrogen was used to control the temperature of the warm end of
the tube in order to vary the hot-to-cold temperature ratio. 	 A piezoelectric pressure
I 4-8
sensor at the closed upper end of the tube was connected to an oscilloscope so that the
oscillations could be observed. A plot of the results, compared to the theory of Rott, is
given in Figure 4-5
	
295	 0 0 / x	 x
i
	
100	 ^, •^
	
77	 q l x	 x ^.	 o
x - Oscillation
o -No oscillation
20
0.5 as	 is	 12
nom
Figure 4-5 , DATA OF VON- HOFFMAN-et al b`
COMPARED WITH ROTT'S STABILITY THEORY
j
This figure demonstrated some qualitative agreement with Rott's theory; however, the
„ stability curve of Rout should lie somewhat more to the left than indicated in Figure 4-5.
This discrepancy was attributed to inaccuracies in the experimental setup and difficulty in
obtaining reproducible results for the pressure amplitude.
d
I
	
	 L. W. Spradley (1974) (Reference 17). Spradley developed a numerical method for the
solution of a nonsteady, viscous, heat conducting, compressible flow program using a
nonlinear formulation. In his model, helium gas, initially at a uniform temperature, To, 	 t
i	 was confined between two parallel boundaries. At time t = 0, the temperature of the 	 j
lower plate is suddenly raised to T = 2 T , while the upper plate is kept a); the constantwi	 o
value T'^^. Because of heat transfer and compressibility effects, thermal acoustic waves
i ?	 are 'set up in the system which greatly increase the heat transfer rate into the system.
i	 Typical results of this solution, obtained from the computer program, are shown in Figure
4-6.
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Figure 4-6 VELOCITY AND PRESSURE PROFILES OF
THERMAL ACOUSTIC OSCILLATIONS (SPRADLEY)
This figure shows the calculated dimensionless velocity and pressure profiles as a function
of time at the center between the two plates. This figure also shows the oscillatory
nature of the wave motion. The period of the calculated wave is 1.55 units of
dimensionless time which corresponds to the acoustic wave period in this system (which is
21V-y or 1.53); thus, the calculated waves are acoustical. This analysis also shows that
thermally induced wave motion can greatly increase the heat transfer over the pure
conduction mode. A general numerical technique and computer program was developed
for solving the nonlinear conservation equations governing the thermally induced waves.
Complete profiles of temperature, pressure, gas velocity and heating rate can be
obtained. This work formed the basis for the following Lockheed study of thermal
acoustic oscillation in tubes connected to low temperature apparatus.
L. W. Spradley, W. H. Sims and C. Fan (1975) (Reference 18). This study was conducted by
1ockheed-Huntsville Research and Engineering Center for NASA/MSFC.
	
3 ,,	 A thermal acoustic oscillation program (TAO) based upon the numerical solution of the
Navier-Stokes equations was developed as the principal analytical tool for this study.
i
An experimental verification program was conducted in conjunction with the analytical
model development. A liquid helium research dewar was used for the experimentation.
Stainless steel and aluminum tubes having length -to-diameter ratios from 100 to 1,000
	
'	 were used as the test penetrations. Measurements were made for oscillation frequency,
b	 4-10
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amplitude and boil-off rate for a matrix of tube sizes, materials and distances of the tube
in the dewar. The data were reduced and compared with results of the analytical
`	 predictions.
The oscillating system modeled consisted of a cylindrical tube closed at the warm end and
open at the cold end. The tube was filled with helium gas whose cold end was at liquid
helium temperatures.
A stability diagram for helium was constructed by processing many cases with the TAO
Program in which the T h/Tc ratio and the A parameter were varied (Figure 4-7). The A
parameter is based upon the acoustic Reynolds number which was evaluated at the cold
end temperature, and may be correlated with dimensionless parameters used in Rott's
stability analysis. For comparative purposes, the stability curve gene aced from Rott's
analysis is superimposed on Figure 4-7 (solid line).
Other theoretical correlations derived from the TAO Computer Program were:
1. Pressure amplitude versus L/D and Th/T c	 a
2. Oscillation frequency versus L/D.	
•9
;i
	 3.	 Oscillation intensity versus L/D.	 I
4.	 Heat leak ratio versus L/D and pressure amplitude.
Figure 4-8 is the plot of peak-to-peak pressure amplitude versus L/D for parametric
values of l c/L. The pressure amplitude is shown to increase linearly with increasing L/D
for all values of !c/L. The effect of temperature ratio (T h/Tc) on the pressure amplitude
is illustrated in Figure 4-9. This shows that the amplitude decreases with decreasing
Th/Tc for all values of L/D, going to zero at the critical Th/Tc.
The oscillation frequency is shown in Figure 4-10 for the parametric variations of L/D and
	
^l
lc/L. The frequency decreases with L/D as would be expected since the longer tubes
produce lower frequency oscillation than the shorter ones. The frequency was found to be
nearly independent of the temperature ratio, Th/Tc.
The oscillation intensity (defined as the product of the frequency and the amplitude) is
shown as a function of L/D and lc/L in Figure 4-11. The pressure amplitude always
r'	 4-11
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increases with increasing L/D and the frequency decreases with increasing L/D. The
product will then either increase or decrease, depending on the slope of the frequency and
amplitude variations. If the pressure amplitude increases faster than the frequency
decreases, the intensity will increase (and vice versa).
Figures 4-12 and 4-13 relate the increased heat transfer due to thermal oscillations with
the L/D ratio and the pressure amplitude. The quantity Q is the total heat pumped by the
oscillations Plus the conduction in the tube wall. The Q t is simply the conduction heat
leak down the tube wall.
Figure 4-12 shows that no additional heat leak was present for L/D less than about 75. If
oscillations exist at an L/D of 75, the amplitude is so small that the additional heat
transfer is negligible. However, the Q/Q t
 ratio rises rapidly when tube L/D's exceed 100
with as much as an order of magnitude increase for L/D 200 and over 2 orders of
magnitude above L/D = 450.
Figure 4-13 is a cross plot of the,Q /Q t ratio versus pressure amplitude for lc/L = 0.1. The
curve was typical for all parametric values of l
c 
/L. The increase in Q/Qt with increasing
GY	
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Y 
amplitude is due to the larger amount of mass pumped out of the tube by the larger
amplitude pressure waves.
N. Rott (1975) (Reference 19). Rott presented a paper in which he calculated the second-
order heat flux (thermo-acoustic streaming) for thermally driven acoustic oscillations. By
using  generalization of his basic theory of t ermal acoustic oscillations to the case of
variable wall temperature, he was able to obtain the second-order energy equation
without the restriction to thin boundary layers. From this theory, Rott ' was able to
r•, calculate the maximum heat flow carried by the oscillations into the dewar. Calculation
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of the thermo-acoustic streaming appeared to be satisfactory when conducted up to the
second order of the temperature gradients used; it was doubtful whether the theory would
converge in the limit of very sharp temperature gradients.
Yu. P. Dmitreoskiy and Yu. M. Melnik (1976) (Reference 20). The authors presented
experimental data on the dependence of the thermal acoustic oscillation frequency upon
the height of a liquid column in tubes dipped into nitrogen, oxygen, argon and hydrogen.
S '	 The conditions under which these oscillations occur were found and the oscillation
k ;` amplitudes were measured. They made attempts to observe thermal-acoustic oscillations
with a gas column of nitrogen and oxygen wi th the help of sensitive equipment.
N. Rott (1976) (Refe,Vence 21). In his initial publications, Rott derived the stability
limit for thermally driven acoustic oscillations in tuber of constant cross-section.
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The applications were restricted to the case of tubes filled with helium gas. It was
found that for "optimal" conditions, excited oscillations of He in a tube of constant
cross-section need a minimum ratio of the absolute temperatures between the hot and the
cold end of about 5.5. In this paper, Rott investigated the problem of thermally drivven
acoustic oscillations fcr tubes with variable cross-section, with particular emphasis on the
possible reduction of the necessary temperature ratio for excitation. Tubes with optimal
conditions in the vicinity of the temperature jump, and with large cross-sections in parts
with constant temperature are found to give the best performance in this respect.
Included in the family of devices which were treated is 'the classical Sondhauss tube.
Experiments which give a striking confirmation of the theory were reported. The
	
i^
	
treatment of the dif f erent gases in tubes of constant cross-section as a special case was a
by-product of this work.
D. F. Daney, P. R. Ludtke and M. C. Jones (1977) (Reference 22). This study was
undertaken as an exploratory study for the design, of leads for superconducting power
transition line terminations. These current leads were cooled with supercritical helium.
Four distinct lead designs were studied encompassing a wide varia-tion in-flow chata;.ter-
istics. The effects of the thermodynamic state of the helium and the hydraulic diameter
I,
of each lead were in agreement with the theoretical predictions of Rott for simple tubes.
T. Yazaki, A. Tominaga and Y. Narahara (1979) (Reference 23). In this paper, the authors
determined experimentally the stability limit for thermally driven acoustic oscillations
for helium gas. Instead of a half open tube, two stainless steel U-shaped tubes of
different lengths and diameters closed at their top ends were used. The warm end
reservoir was controlled with heaters at either 77.3 0K or 300°K; temperatures at the cold
end could be varied from 4.2°K to 450K. The Stokes boundary thickness could be varied
by changing the density (pressure) in the closed tubes. The theoretical stability curves
predicted by N. Rott are shown in Figures 4-14 and 4-15 by the solid lines. Superimposed'
Alupon these figures are the experimentally determined stability limits determined' by the
31 .^.; authors confirming the existence of the two branches of Rott's stability curve. The solid
and open circles represent warm end temperatures of 77.3°K and room temper? ture,
respectively,
	
•:	 3. A. Liburdy (1979) (References 24, 25 and 2^i). Liburd y presented an analysis for the
	
l cx	 ^	 1
occurrence "of thermal acoustic oscillations in gaseous helium, laminar tube flow. The 	 -'
.l
analysis is based upon Rott's first two papers to which the author added a net flow term.
4-17
i
,:	 ..
	
,.	 v
`j
U^
f	
100
	 too
	
^o
	
so
i
a°
	
A
	
zo
	 w: zo
t
	 io
	
so
9
i
	
2	 a	 10	 20	 50	 loo 200	 2 	 10	 20	 so	 100 Goo
Figure 4-14 DATA OF T. YAZAKI, et al., 	 Figure 4-15 DATA OF T. YAZAKI, et al., 	 'y4
COMPARED WITH 'ROTT'S	 COMPARED WITH ROTT'S
STABILITY LIMIT FOR
	
STABILITY LIMIT FOR
_	 ^ 4	 T-1% —1 "AP	 4 4
	
ID TUBE
His results are shown by Figure 4-16 where the parameter r c
 is the ratio of the mean flow'
4
velocity to the cold end acoustic velocity.	 These results indicate that even a substantial
flow rate has no effect on the stability curve, except in the region of the upper branch in
which the temperature ratios are not normally experienced.  ,
4.2	 Analytical Model Discussion.	 The work presented by Liburdy (References --
24 2 25 and 26) is essentially the analytical method developed by Rott (References 14_ and '
' 15) with the inclusion of a mean flow term. 	 Figure 4-17 is the stability limit, developed
by Liburdy, for §=1 for various nondimensional flow velocities.	 r is defined as the ratio r.
rh r
of the mean flow velocity_ to the cold end acoustic velocity(2 ^r ro a
c
 A)'	 A quick
r calculation of the nondimensional velocity for this 'study reveals that r ranges from 0 (no
41
t flow) to approximately 28. 	 For the relatively low values of a ranging from 7 to 12, and
' values of Y	 of 38 to 254 indicate that the effect of Liburdy's mean flow term isc
j negligible. These curves were developed for subcritical helium; however, discussions with
?f Dr. Liburdy indicate that the same negligible effect of low flow rates should exist- for
hydrogen.	 Based upon these observations, a decision was made to use the analysis
I rk.y1 _  7 i
rl
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c c
s developed by Rott. Inasmuch as the mean flow term has negligible effect, any correlation o
^.: of the data with Rott's analysis should also apply to Liburdy's model.
	 The following
paragraphs contain a discussion of Rott's method as it applies to this study.
c As mentioned in Section 4.1, Rott examined thermally driven oscillations and presented an
analysis which maces use of linear nature of the governing equations with the inclusion of
^ second order viscous .effects.
	 Previous works were based on boundary layer assumptions
for flow in a pipe, whereas Rott based his analysis on the long tube constraint which,
simply stated, requires the tube length to be much larger than the tube radius. The long
tube ,assumption is met with considerable ease for the -PRSA Hydrogen Tank lines with
effective length-to-diameter (L/D) ratios of approximately 50, 130 and 150 for the vent,
fill and supply lines, respectively.
	 The models presented by Rott and Liburdy consist of
piecewise approximate solutions of the governing equations for two constant temperature
tube sections.	 The tube sections are assumed to exist at the cold or hot temperature.
The solutions are then matched by requiring the hot and cold pressures and pressure
I
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STABILITY LIMIT FOR LOW VELOCITY FLE)W
gradient to be equal at the temperature jump. Figure 4-18 illustrates the "idealized
temperature jump" for the PRSA Hydrogen Tank conditions. This figure also contains
sketches of the temperature profile for the fill and supply lines. Note the supply line
forms the VCS which explains the long sloping section to its temperature profile. The
cold tube length of 1 and the hot tube length of L-1 are also shown in Figure 4-18.
While the supply and fill line temperature profiles are not similar to the idealized profile,
Rott (Reference 15) examined the application of his analysis to nonideal temperature
profiles. He defined the steepness which is given in Equation 4-1.
S _	 21	 {dT)	 Equation 4-1	 i
- hh-- T c cT x_1
^j
	He indicates that the effect of steepness on the temperature ratio of stability limit is not 	
`s
very large. ; He based his conclusion on calculations made for steepness values ranging
from 5 to co, where the effect on the temperature ratio was from 24 to 21.
,t
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The work by Rott and Liburdy makes use of a power-law kinematic viscosity curve given
by Equation 4-2.
TO + 0	 Equation 4'_2
P
For helium, the work conducted by Rott, this relationship fits very well; however, for
hydrogen and, in particular hydrogen at the PRSA operating conditions, some difficulty is
involved in determining the appropriate value of 0 . 	 In addition to 0, the analysis utilizes
a constant ratio of specific heat (Y) and Praridtl number (Pr). 	 Again for hydrogen at the
PRSA tank operating conditions, the appropriate value is difficult to determine. 	 This
problem is best shown by examining Figure 4-19, which contains plots of the kinematic
viscosity, ratio of specific heats, acoustic velocity and Pr number for 1.9 M Pa (280 psia),
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the PRSA tank operating pressure. This figure also indicates the PRSA Hydrogen Tank
operating temperature range. Note the behavior of properties in this range; in particular
the viscosity curve as it applies to the power-law equation. For this study, the following
values of	 .823, Y = 1.42 and Pr = .71 were used for hydrogen at 1.9 M Pa.
4
With the use of the power-law viscosity curve and the linearized governing equations,
`t
z' Rott proceeded to solve for the stability limit. Figures 4-20 and 4-21 represent the
stability curves developed by Rott (Reference 15). The curves are plotted for the
temperature ratio versus the dimensionless parameter Y c. Figure 4-20 contains the
stability limit for small values of § _ (L - 1)/l, ratio of hot-to-cold length ranging from .1
°	 to 1. The stability curves for larger values of § are contained in Figure 4-21, where §
ranges from 2 to 50. The dotted lines in F igures	 asymptotic
	
 4-20 and
	 represent the asyr	 g	 g	 P	 P
curves. The agreement for moderate values of 9 is quite good, while for larger values of
the agreement is poor. The asymptotic values were determined by Rott (Reference 15)
for the lower or right-hand branch of Figure 4-20. Equation 4-3 produces the lower
branch asymptotic curves.
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Equation 4-3
where:
D	 = d* v/-2-/—C
C	 1/2 (1 + Y-1 )
d*	 = 2 C 2 C + 1/2 (d - d2) + d'
d	
= ( 1 ) (	 2	 ) - Y---111+s Pr+
d"-4Pr (Y-1-1+
The significance of the earlier discussion on hydrogen properties becomes more apparent
as the stability criteria is dependent on Y, N anu rr. The dotted lines on the lower branch__^	 ^._
of Figures 4-20 and 4-21 were determined by the use of Equation 4-3 with the values for
helium of .647, 513 and 2/3 used for 0, Y and Pr, respectively. For this study, the lower
branch is the section of the stability curve of interest since it corresponds to the lower
values of Y c and a which the PRSf1 Hydrogen Tank exhibits. The asymptotic stability
r limit was determined for hydrogen by use of Equation 4-3 by evaluating it with the values
of N, Y and Pr, as previously mentioned in this section, of .823, 1.42 and .71, respectively.
In order to evaluate Equation 4-3, a relationship between a c
 and 9 must be known for the
stability limit. Rott (Reference 35) presents just such a relationship in Equation 16 of
Reference 15 which is given in Equation 4-4.
§ l c tan Xc = 1	 Equation 4-4
The solution to this transcendental equation is determined numerically and the results are
given in Figure 4-22. This figure represents the relations between a and § for theg	 g	 g	 P	 p
lower branch when 'Y
c
 is large. Rott (Reference 15) presented the more complete
frequency relationship by plotting 	 versus a new dimensionless parameter Yc a 
-1/2
c	 i,
which is defined by ro (ac/vcl) This parameter has the advantage of not requiring
previous knowledge of, frequency; this plot is reproduced in Figure 4-23. It should be
noted that Equation 4-4 and its resulting solution, Figure 4-22, determine the lower
branches of Figure 4-23, while the upper branch has a limit on a of n/2. The lower branch
of Figure 4-23 corresponds to the right-hand branch of Figures 4-20 and 4-21. 	 j
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The asymptotic stability curves for hydrogen at 1.9 M Pa, the operating condition of the
PRSA tank, are given in Figure 4-24 for values of § ranging from .5 to 10. By combining
Equations 44 and 4--3, it is possible to create a stability criteria independent of
{	 frequency. The result of just such a combination is shown in Figure 4-25.
g	 Figures 4.24 and 4-25 will make up the essential stability curves required for the PRSA
9
3	 data correlation.
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4.3 Data Correlation. This section presents the comparison of PRSA super-
critical Hydrogen Tank test data with the analytical models by Rott and Liburdy. As
mentioned in Section 4.2, the work by Rott will be used due to the lack of effect of flow
".; on the stability limit predicted by Liburdy. The data presented in Table 3=1 and the
stability curve presented in Figure 4•-24 will be used for the test data and .model
comparison.
Figure 4-26 contains a plot of the stability curve produced in Figure 4-24 and selected	 :aY
oscillating data points from the PRSA test data. Only selected data points were included
E
	
	
due to the number of points clustered on-a small section of the plot. While, in general,	 n
the agreement with the Predictions based on the work by Rott is poor, by far the most
successful correlation appears for the supply line.
i,
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The selection of which curve (value of §) the correlation should be made on warrants some
discussion. Since § represents the hot-to-cold length ratio of the fluid line in question, it
becomes necessary to attempt to determine these lengths. No test data is available to
supply the temperature profile of the liquid lines; however, some limiting values are
r
	
possible. If the fluid line interface with the outer shell is assumed to be a thermal short,
a reasonable assumption, then the maximum cold length, which is the length of line to the
mid point of the temperature gradient, is one-half the effective line length from the
pressure vessel to the outer shell. 	 For the fill and vent lines, this is 1.9 m and .9 m,
respectively. The supply line presents a more interesting case.	 Figure 4-18 illustrates
conceptually the temperature profile for the supply line.	 The temperatures shown are
g 4-27
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typical operating conditions for the PRSA Hydrogen Tank. Based upon these tempera- 	 M.e
Lures, a temperature ratio of approximately three exists for both temperature jumps.
This presents a difficulty in determining whether one jump is dominant or the ,effect is
'	 compounded. The determination was made that the effect was one of a net temperature
k
ratio of six; i.e., treat the double jump as a single temperature jump. This decision is
ry verified by the prediction that, for helium, a temperature ratio of at least 5.5 was
required to sustain oscillations. A similar value of approximately ,five is required for
i	 hydrogen as well.- With this, the supply line cold length can be approximated as one-half 9F
fill
the line length of L the VCS, plus the line length internal to the pressure vessel, This
results in an approximate cold length of 8.0 m for the supply line,
#i
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5.0	 CONCLUSIONS AND RECOMMENDATIONS
t	 z
The correlation between the PRSA. Hydrogen. Tank test data and the analytical model by
Rott must be examined in light of the following comments:
1. Super critical hydrogen properties result in poor agreement with constant Pr
number, and a power-.law kinematic viscosity law.
2. Determination of actual cold fluid line lengths was prevented by a lack of
t	 instrumentation. This presents uncertainties in evaluating the proper stability
curve.
3. The relatively small steepness ratio raises the question as to the validity of the
discontinuous temperature jump where the temperatures are assumed constant on
'F	 both sides of the jump. As the length of the temperature gradient increases,
validity of this assumption decreases. 	 4.4
The small variation in temperature ratios and other critical oscillation parameters makes
any conclusions as to the verification of the analytical models impossible. The difficulty
in applying the model by Rott or Liburdy to an existing production PRSA Hydrogen Tank
suggests more intensive study of the thermal acoustic oscillation phenomena is warranted.
a
u
Future work must include not only work dealing with subcritical hydrogen, but also
supercritical hydrogen. It is suggested that work be initiated in a test dewar instrumented
for the study of thermal acoustic oscillations. 	 This should result in sufficient data to
initiate a study of oscillations in production cryogenic tanks. 	 Where the effect of
t nonidealized conditions may be studied, this would provide useful design information for
i, future cryogenic storage facilities.
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